Modelling of Evaporative Cooling of Porous Medium Filled with Evaporative Liquid by D P, Mondal et al.
Materials and Design 30 (2009) 2563–2568Contents lists available at ScienceDirect
Materials and Design
journal homepage: www.elsevier .com/locate /matdesDry sliding wear behaviour of aluminum syntactic foam
D.P. Mondal *, S. Das, Nidhi Jha
Advanced Materials and Processes Research Institute (CSIR), Bhopal 462026, Indiaa r t i c l e i n f o
Article history:
Received 5 August 2008
Accepted 22 September 2008





Porosity0261-3069/$ - see front matter  2008 Elsevier Ltd. A
doi:10.1016/j.matdes.2008.09.034
* Corresponding author. Tel.: +91 755 2417652.
E-mail address: mondaldp@yahoo.com (D.P. Monda b s t r a c t
Dry sliding wear behaviour of cenosphere reinforced aluminum syntactic foam having density of 1.9 g/cc
(around 30% porosity) has been studied using a pin-on-disc apparatus at load range of 1–5 kg and sliding
velocity of 2–4 m/s. Coefﬁcient of friction and wear rate of the syntactic foam has been compared with
that of 10 wt% SiC reinforced aluminum composite. Scanning electron microscope (SEM) is used to char-
acterize the microstructure and the worn surface for examining the wear mechanism. The craters on the
specimen surface due to presence of cenosphere play important role in the wear process.
 2008 Elsevier Ltd. All rights reserved.1. Introduction of materials would lead to improved wear resistance due to re-Aluminum syntactic foam is a new class of materials with
important characteristics like light weight, higher speciﬁc strength
and stiffness, improved high temperature strength, excellent en-
ergy absorption characteristics, etc. [1–3]. These materials are
formed with the reorganizing hollow-spheres of desired character-
istics in desired quantity in the aluminum matrix primarily
through melt inﬁltration technique [4–8]. The melt inﬁltration
technique has the limitation of inﬁltrating only a thin bed of hol-
low-spheres and thus, large components could not be made
through this process. However, through proper control of the pro-
cess parameters of stir casting technique, hollow-spheres could be
reorganized in the aluminummatrix like that used for dispersion of
particulate in liquid melt [9–14]. However, very limited attempts
have been made in making aluminum syntactic foam using stir
casting technique wherein the reinforcement is cenosphere (a
waste product of thermal power plant) [1–3]. The use of ceno-
sphere as reinforcement and the application of stir casting tech-
nique for synthesis of syntactic foam would make the materials
considerably cheaper than other metallic foams. In addition, these
foammaterials look to be solid in naked eye even though they con-
tain porosity as high as 30% or more.
As these materials exhibit good mechanical properties, they
might have reasonably good wear behaviour. A signiﬁcant amount
of work has been carried out on understanding the wear behaviour
of dense aluminum matrix composites under dry and lubricating
sliding conditions [13–26]. But no attempt has been made so far
on examining the sliding wear behaviour of highly porous alumi-
num syntactic foam. In fact it is suspicious whether these typesll rights reserved.
al).duced nominal contact and accumulation of wear debris within
the pores and their subsequent compaction, or lead to inferior
wear resistance due to higher effective stress on the aluminumma-
trix and greater possibility of crack nucleation and its propagation
[27] due to existence of higher porosity. A few literatures are avail-
able on the effect of porosity on the wear behaviour of sintered
ceramics and metallic samples [28] where in the amount of poros-
ity is restricted to less than 10%. It is reported that in case of cera-
mic the wear rate increases with increase in porosity. But in case of
metallic sample, the wear rate is hardly affected due to presence of
porosity up to 6% [14,29]. Detailed study on the wear behaviour of
highly porous material is lacking. In this context, the present paper
aims at examining the wear characteristics of highly porous alumi-
num syntactic foam under dry sliding condition, and ﬁnally com-
paring their wear behaviour with conventional aluminum SiC
composites.
2. Experimental
Aluminum syntactic foam is prepared by stir casting technique.
In this technique aluminum alloy ingot pieces were heated to its
molten state. After maintaining the temperature between 750
and 800 C, a vortex was created using a mechanical stirrer. While
stirring was in progress, preheated cenosphere particles were
added to the melt. Stirring is continued for about 10 min after addi-
tion of cenosphere particles for uniform distribution in the melt.
Castings were prepared by pouring the melt into preheated moulds
of cylindrical shapes. From these castings samples for wear test of
dimensions 8 mm diameter and 28 mm length were prepared.
Dry sliding wear tests have been carried out on a pin-on-disc
apparatus by sliding a cylindrical pin against the surface of hard-
ened EN24 steel disc under ambient condition. Different loads of
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contact during wear test of the material. The track radius has been
kept constant at 65 mm and rotating speed is varied to 294, 441
and 588 rpm corresponding to linear speed of 2, 3 and 4 m/s,
respectively. The tests are carried out for a total sliding distance
of about 2000 m. The weight was measured on an electronic bal-
ance up to 0.001 mg accuracy prior to and after the wear testing.
Prior to the wear tests, all the specimens were polished properly.
Both the disc and the test specimen have been cleaned well by ace-
tone and then dried under ambient condition prior to and after the
tests. The friction force is continuously monitored during the wear
test for determining the coefﬁcient of friction. The volumetric wear
rate was calculated from the weight loss measurement and ex-
pressed in terms of m3/m.
2.1. Microstructural examination
For microstructural examination samples are mechanically pol-
ished using standard metallographic technique and then etched
with Keller’s reagent. The etched samples were examined in scan-
ning electron microscope (SEM). Wear surfaces were also exam-
ined in SEM. Prior to SEM examinations, samples were sputtered
with gold.
3. Results and discussion
3.1. Material and microstructure
The microstructure of aluminum syntactic foam is shown in
Fig. 1a. It shows that cenosphere particles are uniformly distrib-Fig. 1. Microstructure of aluminum syntactic foam: (a) distribution of cenospheres in the
Al–SiC composite.uted within the metal matrix. The average particle size of ceno-
sphere in syntactic foam is noted to be 85 ± 5 lm. Higher
magniﬁcation micrograph of syntactic foam shows reasonably
good bonding between cenosphere and the matrix Fig. 1b. The shell
wall of the cenosphere was noted to be around 5–8 lm. The micro-
structure of SiC reinforced Al-composites is shown in Fig. 1c. It de-
picts that the SiC particles are angular in nature and distributed
uniformly in the matrix.
3.2. Coefﬁcient of friction
The variation of coefﬁcient of friction as a function of sliding
distance at different applied load is shown in Fig. 2. It is observed
that coefﬁcient of friction varies in oscillating fashion within a cer-
tain range. In case of 3 and 5 kg load, the range of oscillation is very
low and the coefﬁcient of friction varies in the range of 0.06–0.08
and 0.05–0.07, respectively. On the other hand, at lower applied
load (1 kg), the coefﬁcient of friction is noted to be considerably
higher and it also oscillates at wider range of variation, i.e., 0.09–
0.14. It may further be noted that the maximum coefﬁcient of fric-
tion is attained at 1 kg applied load. Similar kind of trend of varia-
tion in coefﬁcient of friction with sliding distance was noted at
other sliding speeds and applied load. But the magnitudes of coef-
ﬁcient of friction are noted to be varying with applied loads and
sliding velocities. The average values of coefﬁcient of friction are
recorded from the tests and are plotted as a function of sliding
velocity (Fig. 3) and applied load (Fig. 4). It is evident from Fig. 3,
that coefﬁcient of friction decreases with increasing applied load
especially for sliding velocity of 3 and 4 m/s. In case of sliding




















Fig. 2. Variation of coefﬁcient of friction as a function of sliding distance at different
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Fig. 6. Variation of wear rate as a function of applied load at different sliding
velocities.
D.P. Mondal et al. /Materials and Design 30 (2009) 2563–2568 2565mum of 0.04 at an applied load of 3 kg and with further increase in
applied load, it increases to 0.06. It is evident from Fig. 4 that, in
case of 1 and 3 kg applied load, the coefﬁcient of friction increaseswith increase in sliding velocity and reached to the maximum va-
lue at sliding velocity of 3 m/s. In case of applied load of 1 kg, the
coefﬁcient of friction reduced signiﬁcantly after attaining the max-
imum when the velocity increased further to 4 m/s. But in case of
3 kg applied load, the coefﬁcient of friction remains unchanged
after attaining the maxima when the sliding velocity increases to
4 m/s. In case of 5 kg applied load, the coefﬁcient of friction re-
mains almost invariant with sliding velocity.
3.3. Wear rate
The wear rate as a function of velocity is shown in Fig. 5. It is
observed from this ﬁgure that the wear rate decreases with
increasing sliding velocity. The maximum wear rate of 11.06 
1012 m3/m occurs at an applied load of 5 kg and sliding velocity
of 2 m/s. With further increase in sliding velocity, the wear rate de-
creases monotonously. But in case of applied load of 1 and 3 kg the
reduction in wear rate with increasing sliding velocity is almost
similar with a minimum value of 0.8  1012 m3/m at sliding
velocity of 4 m/s.
It is observed from Fig. 6 that the wear rate remains almost un-
changed up to applied load of 3 kg and then increases sharply
when load increased from 3 to 5 kg. There is signiﬁcant increase
in wear rate i.e. from 1.38  1012 to 11.1  1012 m3/m with
increase in applied load from 3 to 5 kg at a sliding velocity of
Table 1
Comparison of wear rate and coefﬁcient of friction in Al–SiC composites with that of
aluminum syntactic foam.
Load (kg) Speed (m/s) Coefﬁcient of friction Wear rate (1012 m3/m)
SF Composite SF Composite
1 3 0.12 0.6 0.5 0.4
3 3 0.075 0.6 0.5 0.4
5 3 0.04 0.6 9.5 3.0
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plied load changes from 3 to 5 kg which could be understand from
wear surface examination.Fig. 7. Worn surface of aluminum syntactic foam: (a) at a load of 3 kg and sliding velo
sliding velocity, (c) at a load of 3 kg and sliding velocity of 3 m/s, (d) at a load of 3 kg and
load of 5 kg and sliding velocity of 4 m/s showing delamination of compacted wear debThis could be due to several reasons. Because of porous struc-
ture, the pores acts as craters which lead to reduced nominal con-
tact. These craters help in accumulating the wear debris which is
subsequently due to higher contact load and temperature gets
compacted with in the craters. Thus, the fraction of material re-
moved from the surface gets reduced. The cenosphere, contains
shells of alumino silicates which are fragile and gets fragmented
into very ﬁne particles and mixed over the wear surface because
of combined effect of frictional heating and surface plastic defor-
mation and material ﬂow, and thus, make a stronger mechanically
mixed layer (MML) especially at higher applied load and sliding
speed. At lower applied load, wear debris might be fewer in num-
ber and frictional heating is low. As a result, large amount of wearcity of 2 m/s, (b) magniﬁed microstructure of worn surfaces at 3 kg load and 2 m/s
sliding velocity of 4 m/s, (e) at a load of 5 kg and sliding velocity of 4 m/s and (f) at a
ris from the craters (cenospheres).
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tion gets accumulated and compacted at the craters or cenosphere
sites. Thus at lower applied load surface roughness is more and
leads to higher coefﬁcient of friction. Additionally surface materials
are harder due to lower frictional heating and thus greater fric-
tional force is required for sliding. At higher applied load, frictional
heating is considerably higher and relatively more number of wear
debris having larger size were generated which are accommodated
or entrapped and get compacted at the craters of cenospheres. This
leads to greater extent of plastic ﬂow and relatively smoother sur-
face, and which ﬁnally resulting in reduction in coefﬁcient of fric-
tion. On the contrary, at higher applied load there is also greater
tendency of delamination of wear debris especially from the cra-
ters because of weak bonding between the debris compacted in
the crater and the crater surface, large extent of surface crack gen-
eration and localized fusion (because of higher frictional heating)
which leads to higher degree of adhesive wear in addition to abra-
sive kind of wear. As a result the wear rate increases signiﬁcantly
when the applied load is increased from 3 to 5 kg. When the ap-
plied load is limited to 3 kg, the wear rate is primarily governed
by abrasive type of wear and a large extent of wear debris gets
accumulated at the craters. This type of phenomenon could be
understood from wear surface examination.
3.4. Comparison with Al–SiC composite
The wear rate and average coefﬁcient of friction of Al syntactic
foam and 10 wt% Al–SiC composite have been compared in Table 1.
It is evident from this table that the wear rate highly porous Al syn-
tactic is comparable to that of Al–SiC composite especially at ap-
plied load up to 3 kg. At higher applied load (5 kg), the former
one suffers from considerably higher wear rate than that of the la-
ter one. However, both the material shows the trend of sudden in-
crease in wear rate due to increase in load from 3 to 5 kg. This
signiﬁes that transition in wear mechanisms take place when ap-
plied load increased above 3 kg. As both the composites have the
same matrix material, it is expected that matrix plays an important
role on transition of wear mechanism. On the contrary to the wear
rate, coefﬁcient of friction of the SiC reinforced composites always
one order greater than that of cenosphere reinforced aluminum
syntactic foam. This may be attributed to the fact that hard, rigid,
angular and protruded SiC particles might cause greater abrasive
action to the counter surface and these SiC particles also provides
greater resistance for slipping action as they can maintain greater
strength even at higher temperature. On the other hand, the ceno-
sphere are hollow with shell thickness of 5–8 lm gets fragmented
and does not cause hardly any abrasive action to the counter sur-
face. Additionally, these particles get easily mixed into the wear
surface material during wear to make MML. The slipping action
due to easy surface material ﬂow on account of frictional heating
and sliding is expected to be more in syntactic foam. All these fac-
tors lead to considerably less coefﬁcient of friction in aluminum
syntactic foam as compared to that of Al–SiC composite.
3.5. Wear surface
The worn surface of syntactic foamwhen tested at a load of 3 kg
and sliding velocity of 2 m/s is shown in Fig. 7a. It depicts contin-
uous wear grooves and craters (marked ‘c’). The craters are the
sites of cenosphere present in the syntactic foam. The presence
of wear grooves demonstrates abrasive type of wear mechanism
prevailing under such conditions. Higher magniﬁcation photo-
graph of these worn surfaces is shown in Fig. 7b. It also depicts
ﬂow of material on the craters (cenosphere) and accumulation of
wear debris within the craters (marked ‘A’). It demonstrates that
sliding wear to some extent is also prevailing under such wearconditions. Because of combined action of temperature rise, ﬂow
of surface material, accumulation of wear debris in the craters
and applied load, mechanically mixed layers on the wear surface
is generated which contains ﬁne cenosphere shell (white in
colour), matrix materials, counter surface material and oxides of
the aluminum [30]. The cenosphere shells are primarily made of
alumina silicates and during wear process those cells get frag-
mented and mixed with the matrix on the wear surface and leads
to increase in surface hardness. The same sample when tested at a
sliding velocity of 3 m/s, the wear surface is characterized with
continuous and deeper wear grooves along with craters (marked
‘c’), which are relatively more, elongated (Fig. 7c). This ﬁgure also
shows greater extent of wear debris accumulation in the craters
(marked ‘A’), which make the surface relatively smoother. The sur-
face also demonstrates formation of MML to a greater extent. At
higher sliding velocity (4 m/s), the wear surface Fig. 7d is observed
to be almost similar to that observed at a sliding velocity of 3 m/s.
Because of relatively smoother surface and softening of surface
material the coefﬁcient of friction decreases with sliding velocity
and applied load. However when the applied load is increased to
5 kg, the worn surface is characterized in terms of the large extent
of surface cracks (arrow marked), greater extent of material ﬂow
and smearing tendency Fig. 7e. The craters are almost ﬁlled with
the wear debris and the surface becomes smoother resulting in
lower coefﬁcient of friction. At the same time large extent of
materials gets removed due to greater degree of delaminating wear
in addition to abrasive wear. Fig. 7f shows the detachment of com-
pacted wear debris from the cenosphere craters due to combined
action of localized fusion, higher extent of crack generation and
weak bonding between cenosphere shells and the compacted wear
debris, which leads to fresh cenosphere craters (marked ‘c’). This
ﬁgure also clearly demonstrates entrapment and accumulation of
wear debris with in the cenosphere craters.4. Conclusions
Cenosphere reinforced aluminum syntactic foam exhibits rea-
sonably good wear behaviour even though these are highly porous
in nature. The micropores (cenospheres) acts as craters which re-
duced the nominal contact with the counter surface and helps in
accumulation in wear debris generated during wear process. At
lower applied load and slower sliding speed frictional heating is
low and ﬁner wear debris are generated and as a result the possi-
bility of accumulation and compaction of wear debris at the craters
is less and thus the surface becomes relatively rough which results
in higher coefﬁcient of friction. At higher applied load, coarser
wear debris generated during wear has the greater tendency to
be accumulated and compacted at these craters because of com-
bined action of frictional heating, greater degree of material ﬂow
and applied load. These would lead to smoother surface and great-
er degree of sliding action which leads to reduction in coefﬁcient of
friction. At higher applied load, irrespective of sliding speed, great-
er degree of adhesion take place and this leads to delaminating
wear especially from the craters because of greater extent of crack
generation and weak bonding between compacted wear debris and
crater surface. This leads to sharp transition in wear rate due to in-
crease in applied load from 3 to 5 kg. As compared to Al–SiC com-
posites, aluminum syntactic foam exhibits signiﬁcantly less
coefﬁcient of friction which may be attributed to greater abrasive
action of protruded SiC particles over the counter surface. The wear
rate at lower applied load is noted to be almost same in both the
materials. At higher applied load, aluminum syntactic foam exhib-
its greater wear rate as compared to Al–SiC composite because of
the higher strength and less extent of adhesive wear due to pres-
ence of rigid and hard SiC particles.
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